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Editor: D. BarceloThis work reviews applications of stable isotope analysis to the studies of transport and transformation of N species
in groundwater under agricultural areas. It summarizes evidence regarding factors affecting the isotopic composition
of NO3−, NH4+ andN2O in subsurface, and discusses the use of 11B, 18O, 13C, 34S, 87Sr/86Sr isotopes to support the anal-
ysis of δ15N values. The isotopic composition of NO3−, NH4+ andN2O varies depending on their sources and dynamics
of N cycle processes. The reported δ15N-NO3− values for sources of NO3− are: soil organic N –+3‰–+8‰, mineral
fertilizers – −8‰–+7‰; manure/household waste – +5‰ to +35‰. For NH4+ sources, the isotopic signature
ranges are: organic matter –+2.4–+4.1‰, rainwater –−13.4–+2.3‰, mineral fertilizers –−7.4–+5.1‰, house-
holdwaste–+5–+9‰; animalmanure–+8–+11‰. ForN2O, isotopic compositiondepends on isotopic signatures
of substrate pools and reaction rates. δ15N values of NO3− are influenced by fractionation effects occurring during de-
nitrification (ɛ = 5–40‰), nitrification (ɛ= 5–35‰) and DNRA (ɛ not reported). The isotopic signature of NH4+ is
also affected by nitrification and DNRA as well as mineralization (ɛ = 1‰), sorption (ɛ = 1–8‰), anammox (ɛ=
4.3–7.4‰) and volatilization (ɛ=25‰). As for theN2O, production of N2O leads to its depletion in 15N,whereas con-
sumption – to enrichment in 15N. The magnitude of fractionation effects occurring during the considered processes
depends on temperature, pH, DO, C/NO3− ratio, size of the substrate pool, availability of electron donors, water con-
tent in subsoil, residence time, land use, hydrogeology.While previous studies have accumulated rich data on isoto-
pic composition of NO3
− in groundwater, evidence remains scarce in the cases of NH4
+ and N2O. Further research is
required to consider variability of δ15N-NH4+ and δ15N-N2O in groundwater across agricultural ecosystems.
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Cropland and pasture cover about 40% of the Earth's ice-free
land surface (Foley et al., 2005). Intensive influx of nitrogen
(N) compounds from agricultural areas into groundwater and surface
water is an issue of worldwide concern, since it leads to disruption of
multiple vital water-related environmental services (Robertson and
Vitousek, 2009; Sutton et al., 2011; Keuskamp et al., 2012). In particular,
leaching of N-containing pollutants from arable lands into subsurface
frequently has adverse effects on groundwater quality (Strebel et al.,
1989; Directive, 1991; Di and Cameron, 2002; Ledoux et al., 2007).
Moreover, it also considerably influences global N cycling because
long groundwater residence time stimulates accumulation of N species
and their biogeochemical transformations (Viers et al., 2012).
Pollution of aquifers in agricultural regions with reactive N poses
multiple threats to sustainable development of global population.
Since groundwater resources are intensively used for potable water
supply, their contamination with reactive N can have negative impact
on dependent communities. For instance, long-term exposure to high
nitrate (NO3−) drinking water (N50 mg/l of NO3−) might increase
human health risks associated with methemoglobinemia and cancer
(WHO, 2008; Fewtrell, 2004; Xue et al., 2016). At the same time, N-
polluted aquifers are the indirect sources of emission of nitrous oxide
(N2O) (Organization of Economic Co-operation and Development,
2009), produced as an obligatory intermediate of denitrification or as
a by-product of nitrification. Since N2O is a greenhouse gas (GHG) that
possesses the capacity to trap large amount of heat and destroy the
stratospheric ozone layer, such emissions contribute to global climate
change (Knowles, 2000; Bernstein et al., 2008; Weymann et al., 2008).
Concentrations of different N species in groundwater could vary due
to heterogeneity of N sources across the water bodies and shifting dy-
namics of N transport and transformation in the subsurface. In agricul-
tural areas, aquifer pollution by N compounds might be attributed to
various sources: intensive application of N-containing organic and inor-
ganic fertilizers, inflow from animal manure and sewage discharge
(Anderson et al., 2014; Böhlke, 2002; Ostrom et al., 1998). In subsurface
environments, leached N compounds are further transformed by com-
plex dynamics of different biochemical and chemical processes of the
N cycle such as denitrification, dissimilatory nitrate reduction to ammo-
nium (DNRA), nitrification, anammox (anaerobic ammonium oxida-
tion), nitrifier denitrification, sorption and mineralization of organicmatter (Fig. 1), which change their initial concentrations and produce
new N species (Burgin and Hamilton, 2007; Jurado et al., 2017).
Denitrification is a microbial respiratory process where NO3− is used
as a terminal electron acceptor and reduced to N2. It is considered to be
the main process of NO3− attenuation under anaerobic conditions in
groundwater systems. Intermediates in this reaction might include ni-
trite (NO2−), nitric oxide (NO) and N2O (Tesoriero et al., 2000).
2NO3
− þ 12Hþ þ 10e−→N2 þ 6H2O ð1Þ
Similar to denitrification, DNRA is also an anaerobic reduction pro-
cess that leads to consumption of NO3−. It is assumed that partitioning
of NO3− consumption between denitrification and DNRA is controlled
by availability of organicmatter: denitrification dominateswhen carbon
(electron donor) supplies are limiting and DNRA dominates when NO3−
(electron acceptor) supplies are limiting (Korom, 1992; Kelso et al.,
1997).
2Hþ þNO3− þ 2CH2O→NH4þ þ 2CO2 þH2O ð2Þ
Biodegradation of ammonium (NH4+) occurs during the processes of
nitrification, nitrifier denitrification and anammox. There are two types
of nitrification: 1) autotrophic nitrification and 2) heterotrophic nitrifi-
cation. These two processes use the same substrate and produce the
same intermediates and products but they differ in the enzymes in-
volved into the reactions (De Boer and Kowalchuk, 2001). Autotrophic
nitrification is carried out by two groups ofmicroorganisms, collectively
designated as Nitrobacteriaceae: 1) NH4+-oxidizers, or primary nitri-
fiers, and 2) NO2− oxidizers, or secondary nitrifiers (Bock et al., 1986).
Heterotrophic nitrification is conducted by bacteria (e.g. Paracoccus
denitrifcans, Thiosphaera pantotropha, Pseudomonas putida and
Alcaligenes faecalis) or fungi (De Boer and Kowalchuk, 2001). Odu and
Adeoye (1970) showed that heterotrophic nitrification is more com-
mon among fungi than bacteria. In general, nitrification, which is a
strictly anaerobic reaction, consists of two steps: 1) NH4+ oxidation to
NO2− and 2) NO2− oxidation to NO3− (Buss et al., 2004).
NH4
þ þ 1:5O2 →NO2− þ H2Oþ 2Hþ ð3Þ
NO2
− þ 0:5O2→NO3− ð4Þ
Fig. 1. N sources and transformation processes that affect N species in the subsurface. The enrichment values (15N-NO3−, 15N-NH4+) of such processes are also provided. [ shows the
transformation of the initial N compound; shows sources of different N species. References: 1 – Sharp, 2007; 2 –Kendall andAravena, 2000; 3 –Mariotti et al., 1981; 4, 7 –Clark, 2015;
5 – Kendall, 1998; 6 –Well et al., 2012; 8 –Michener and Lajtha, 2007; 9 – Bedard-Haughn et al., 2003; 10 – Hübner, 1981; 11 –Minamikawa et al., 2011; 12 – Brandes and Devol, 2002].
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of two following reactions: 1) NH3 oxidation, which is attributed to ni-
trification, and 2) NO2− reduction via NO toN2O or N2, which is regarded
as denitrification (Zhu et al., 2013). The organisms involved in nitrifier
denitrification are mostly NH3-oxidizers (Wrage et al., 2001).
As for the anammox, it occurs in the presence of NO2− or NO3−, which
play the role of electron acceptors, and leads to conversion of NH4+ to di-
atomic nitrogen (N2) and water (Burgin and Hamilton, 2007; Kuenen,
2008). Currently, five genera of anammox bacteria have been identified:
Brocadia, Kuenenia, Anammoxoglobus, Jettenia and Scalindua (Wang
et al., 2012).
NH4
þ þNO2−→N2 þ 2H2O ð5Þ
3NO3
− þ 5NH4þ→4 N2 þ 9H2Oþ 2Hþ ð6Þ
Though there are several microbial reactions leading to attenuation
of NH4+, it is considered that the key reactive process controlling subsur-
face transport of NH4+ is sorption, which occurs as a result of cation ex-
change (Buss et al., 2004). Mineralization of organic matter, or
ammonification, is the process that leads to conversion of organic N to
NH4+. It occurs under oxidizing conditions and is carried out by virtually
all microorganisms involved in the decay of dead organic matter
(Schimel and Bennett, 2004; Bernhard, 2012).
N-fixation is the process bywhich atmospheric nitrogen is converted
into ammonia (NH3) byN2-fixing organisms called diazotrophs. Some of
them can fix N2 in the free-living state, while others fix N2 in association
with plants (Brandes and Devol, 2002; Virginia and Delwiche, 1982). In
agricultural systems the free-living bacteria is represented by: 1) anaer-
obic diazotrophs (Clostridium, Methanosarcina); 2) microaerophilic
diazotrophs (Frankia, Bra'dyrhizobium etc.) and 3) aerobic diazotrophs
(Bradyrhizobium, Azobacter, Derxia etc). N-fixing symbiotic associations
between diazotrophs and plants can be represented by two groups
according to the energy obtaining pathways of diazotrophs:
1) heterothrophic diazotrophs and plants: Bradyrhizobium or
Mesorhizobium with legumes (Fabaceae family) and Parasponia;
Azorhizobium with Trifolium sp.; Phaseolus sp. with Allorhizobium or
Devosia; Aeschynomene sp. with Ochrobactrum, etc. and 2) autotrophicdiazotrophs and plants: Anabaena azollaewith Azolla sp.; Cyanobacteria
with fungi (lichens) or cycads; Bradyrhizobium with Gunnera, etc.
(Unkovich et al., 2008; Okito et al., 2004; Postgate, 1982).
In order to address the risks imposed by contamination of ground-
water with N species, it is essential to develop comprehensive scientific
understanding of N species transport and transformation in subsurface.
However, this is a challenging task, since various aquifers could be si-
multaneously exposed to multiple contamination sources and charac-
terized with occurrence of different N-cycle processes along
groundwater flow paths. Moreover, analysis of subsurface N fluxes in
agricultural areas could appear even more complicated due to predom-
inance of diffusive N pollution, which makes it difficult to calculate the
total pollutant input into the aquifers. Under such circumstances, un-
derstanding of pollution transfer between different parts of aquifer
and across environmental compartments of the given catchment, such
as atmosphere, soil, sediment, groundwater, surface water and biota,
might become especially difficult.
To obtain information regarding origin, transport and transforma-
tion of N compounds in groundwater, many environmental researchers
apply stable isotope analysis. This method helps to understand migra-
tion and mixing of N derived from multiple sources, to identify various
chemical and biochemical processes involving N species and to explore
the dynamics and effects of occurring reactions (Kaushal et al., 2011;
Robinson, 2001). Throughout several decades analysis of N isotopes in
groundwater has been employed in denitrification studies in order to
identify the origin of N pollution and estimate its attenuation. Nowa-
days, with the rising interest towards climate change, N stable isotope
analysis method also becomes more frequently applied to studies of
transport and production/consumption of N2O in subsurface. It is ex-
pected that applications of this approach in such domain should help
to understand mechanisms controlling indirect N2O emissions via
groundwater pathway, improve quantification of N2O fluxes and reveal
the sites which are prone to such emissions, thus contributing to better
constraint andmore realistic detalization of N budget andGHGemission
both on regional and global level.
While analysis of variations in stable N isotope ratios (15N/14N) can
potentially provide valuable information regarding the N fluxes in
agro-ecosystems, interpretation of the obtained experimental evidence
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derived from various N pools such as atmospheric precipitation, soil or-
ganicmatter, synthetic fertilizers andmanure characterizedwith differ-
ent isotope compositions (Kendall, 1998), the observed patterns of
isotopic enrichment factor (enrichment/depletion of a reaction product
relative to that of the substrate) of N species are considerably influenced
by shifting dynamics of various microbiological (denitrification, nitrifi-
cation, DNRA, anammox, etc.) and physicochemical processes (upward
diffusion, sorption, volatilization, etc.) resulting in isotopic fractionation
– enrichment of one isotope relative to another in an element during a
chemical or physical process. Consequently, for proper interpretation
of isotope signatures variability it is crucial to: 1) understand the factors
and processes that may cause it, 2) consider the probable magnitude of
the potential alterations; 3) verify the results of observations across a
range of ecosystems with contrasting environmental settings; 4) sup-
port the interpretation of observed δ15N values with results obtained
using other experimental methods: analyses of other stable isotopes,
concentration studies, microbiological analyses.
So far, considerable research effort has been devoted in order to ac-
complish these goals and improve the reliability of conclusions derived
using experimental data provided by stable isotope analysis. Up to now
few review articles have been publishedwhich summarize the evidence
regarding the NO3− isotopic signatures of different contamination
sources (Choi et al., 2003), the variability of δ15N-NO3− through land-
scapes (Bedard-Haughn et al., 2003) and the isotopic values of biologi-
cally produced N2O in different environments, including groundwater
(Toyoda et al., 2017). However, there is a lack of comprehensive review
which would concentrate on the use of stable isotopes for studies of N
species transport and transformation in groundwater under agricultural
lands and summarize the evidence regarding factors determining the
isotopic composition of NO3−, NH4+ and N2O in subsurface in such envi-
ronmental settings. The objectives of this review are: 1) summarizing
the data about the δ15N-NO3−, δ15N-NH4+ and δ15N-N2O values of various
N sources; 2) describing the fractionation effects of different biochemi-
cal and physicochemical processes that alter 15N composition of NO3−,
NH4+ and N2O; 3) characterizing the influence of multiple environmen-
tal factors on the extent/intensity of fractionation effects; 4) discussing
the application of additional stable isotopes (11B, 18O, 13C, 34S, 87Sr/86Sr)
analyses to support the data obtained from the 15N studies. In doing so,
this review summarizes evidence available from a range of case studies
conducted in various hydrogeological conditions (confined, unconfined
or semiconfined aquifers; different aquifer materials and properties)
and in areas with different agricultural practices (type of applied fertil-
izer, degree of integration of livestock and crops production etc.).
Section 2 describes the δ15N values of various N sources and their
change due to different surface and subsurface processes involving the
various N species. Also, it discusses the environmental factors that affect
intensity of 15N/14N isotope ratios variation. Section 3 provides brief in-
formation about the methods that could be employed in order to ad-
dress the potential ambiguities during interpretation of N isotopic
signatures of the groundwater samples and sustain reliability of derived
conclusions regarding the process dynamics in the subsurface by
discussing the application of oxygen (O), boron (B), carbon (C), sulfur
(S) and strontium (Sr) isotopes analysis as tools for identification of N
sources and tracing of certain chemical processes.
2. Isotopic composition of nitrogen compounds in groundwater un-
der agricultural areas
According to previous studies conducted under various environ-
mental settings across the globe, the isotopic signatures of N species
(NO3−, N2O, NH4+) in groundwater under agricultural lands exhibit dif-
ferent ranges depending on variability of N sources, transformation pro-
cesses and migration pathways (Hosono et al., 2013; Well et al., 2012;
Liu et al., 2006). In the cases when observed isotopic signatures of
NO3−, N2O, NH4+ in groundwater are simultaneously influenced bymultiple sources and occurrence of several N-cycle processes, interpre-
tation of δ15N values demands thorough attention. While identification
of the origin of N compounds in most cases still remain a relatively
straightforward task, it might be more challenging to distinguish pre-
cisely the subsurface processes that cause different fractionations of N
isotopes. The following section discusses the variability of isotope sig-
nals of δ15N–NO3−, δ15N–N2O and δ15N-NH4+ in groundwater, with par-
ticular emphasis on the agricultural areas, taking into account
diversity of N sources, variety of N cycle processes and impact of multi-
ple environmental parameters.
2.1. Variability of δ 15N-NO3− in groundwater
According to previous studies, the isotopic signature of δ15N-NO3 in
groundwater under agricultural areas shows a considerably wide range
from – 8.3‰ to+65.5‰ (Table 1, Fig. 2), depending on the heterogene-
ity of N sources, geochemical conditions and groundwater flowpatterns
as well as on the peculiarities of agricultural practices in the explored
regions.
2.1.1. Isotopic signatures of nitrate sources
The observed inflow of N into groundwater in agricultural areas can
be attributed to multiple sources such as organic and inorganic fertil-
izers, manure, soil organic N, sewage (e.g. septic wastewater), and at-
mospheric precipitations. N originating from each source is
characterized with distinct intervals of 15N-NO3 enrichment values
(Fig. 3), which can be used to determine the origin of observed NO3−
and estimate the relative contribution of NO3− sources to its content in
the groundwater.
In particular, it has been observed that the organic and inorganic fer-
tilizers are characterized with different isotopic signatures, which is ex-
plained by their production processes. For example, synthetic fertilizers,
such as urea or NH4+ and NO3− fertilizers, are usually produced by fixa-
tion of atmospheric N2 which has δ15N 0 ± 3‰ (Kendall, 1998). This
process only slightly fractionates the isotope composition resulting in
low δ15N range of inorganic fertilizers, from −4 to +4‰ (Sharp,
2007), −8 to +7‰ (Kendall, 1998) or −6 to +6‰ (Xue et al., 2009).
However, in groundwater, this typical isotopic composition of inorganic
fertilizers frequently changes because of N isotope fractionation during
various physicochemical or biochemical reactions (e.g. NH3 volatiliza-
tion, nitrification or denitrification).
In linewith these suggestions, further studies demonstrated that the
δ15N-NO3 in groundwater of cropping areas with mineral fertilizer ap-
plication may be in the range of +4.5–+8.5‰ (Choi et al., 2007) or
−7–+5‰ (Danielescu and MacQuarrie, 2013). At the same time, or-
ganic fertilizers, such as plant compost or liquid and solid animal
waste, generally are characterized with higher initial δ15N values and
a broader range of isotopic composition (+6 to +30‰) than inorganic
fertilizers. This is explained by the processes occurring in animal wastes
such as excretion of isotopically light N in urine and accumulation of
heavy 15N isotope in the residual waste as well as volatilization of 15N
depleted ammonia with subsequent oxidation of the residual waste
(Sharp, 2007).
In comparison to both organic and inorganic fertilizers, NO3− pro-
duced by nitrification of manure-N has higher δ15N-NO3−, since during
its storage, treatment and application, the volatilization of NH3 causes
significant enrichment of 15N in the residual NH4+, while most of this
NH4+ is subsequently oxidized to 15N-enriched NO3 (Widory et al.,
2004). Consequently, δ15N values of NO3− originating frommanure usu-
ally range between +5 to +25‰ (Xue et al., 2009), +10 to +22‰
(Bateman et al., 2005), +5 to +35‰ (Widory et al., 2005).
Soil organic-derived NO3− is a product of bacterial decomposition of
organic matter originated from degradation of plants and animal
wastes. The δ15N-NO3 of soil NO3− may be between +3‰ and +8‰
(Kendall and Aravena, 2000). It is also particularly important to consid-
er, in groundwater polluted by fertilizers, the possible mixing of N
Table 1
Analysis ofNO3− isotopic signatures in groundwater: an overviewof case studies (UA –unconfined aquifer, CA– confined aquifer, IF– inorganic fertilizers, OF– organic fertilizers, SON – soil
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organic matter which might not be taken up by crops if their demands
are already satisfied (Li et al., 2007). For example, Danielescu and
MacQuarrie (2013) revealed that 72% of their surface- and groundwater
samples of the Trout catchment fell into the overlapping interval of +3
to +5‰. This indicates that the detected concentrations could be de-
rived either from the use of NH4+ fertilizers or from the presence of
soil organic-derived NO3−. The studies in the Cedar river basin (USA)
(Gautam and Iqbal, 2010) (Table 1) also demonstrated that the δ15N-
NO3− range, between +0.45‰ and +5.35‰, was the result of the joint
effect of fertilizers and soil organic N on groundwater quality. On the
contrary, the isotopic signature of NO3− originated from animal or sew-
age waste is commonly less influenced by interaction with soil N be-
cause the distribution of waste is often localized at point sources with
high concentrations. In some cases, the observation of the distributionof point and non-point sources of pollution can help to identify the ori-
gin of NO3− more precisely.
Another significant source of NO3− in groundwater under agricultur-
al lands is household sewage whose δ15N-NO3 range vary between
+4‰ and +19‰ (Xue et al., 2009). In many cases, experimental stud-
ies have revealed similar ranges of δ15N for both animal manure and
sewage, for instance: +3‰–+25‰ (Di Lorenzo et al., 2012),
+8–+18‰ (Vitòria et al., 2008), and others. Consequently, it is often
difficult to determine exactly the origin of NO3− in areas characterized
with simultaneous occurrence of groundwater pollution from livestock
manure and household wastes.
The amount of N contained in atmospheric precipitation is influ-
enced by several factors: volatilization of NH3, nitrification and denitri-
fication occurring in the soils and the impact of various anthropogenic
sources. In general, the δ15N-NO3− composition of rain is higher than
Fig. 2. NO3− isotopic signatures in groundwater: a summary of case studies in agricultural areas.
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δ15N-NO3− isotopic signature of rain might vary between −10‰ and
+9‰ – based on various case studies (Sharp, 2007), −11.8‰ and
+11.4‰ – reported for eastern Canada (Savard et al., 2010) and
−10.2 and −4.4 – reported for central China (Li et al., 2007).
This overview demonstrates that the sources of NO3− pollution are
characterized with relatively different δ15N-NO3− isotope ranges: rain
water – from −12 to +11‰, inorganic fertilizers – from −8 to +7‰,Fig. 3. Sources, processes and factors that influence the δ15N-NO3− values: summary (the follow
consequently, on resulting fractionation effects: availability of electron donors; size
structure; pH; land use).organic fertilizers – from +6 to +30‰, soil organic matter – from +3
to +8‰, manure – from +5 to +35‰, and household sewage – from
+3 to +25‰.The lowest values of δ15N-NO3− are typical for inorganic
fertilizers followed by NO3− derived from soil organic matter, while the
highest values are usually related to the impact of manure or household
wastes, both of which may overlap. However, the isotope composition
of NO3− from different sources might be subject to considerable alter-
ations due to fractionation processes occurring under certaining arrows connect processes with factors that have decisive effect on their dynamics and,
of the substrate pool; temperature; concentration of DO; hydrogeological
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within the aquifer.
2.1.2. Isotopic effects of nitrate production/consumption processes
Previous studies showed that denitrification and nitrification alter
the original δ15N-NO3− isotopic composition of NO3− in groundwater
under agricultural areas (Fig. 1). Isotope effects of the considered N pro-
cesses are presented in terms of their enrichment factors which show
isotope enrichment of a reaction product relative to that of the substrate


















where ɛ is the isotopic enrichment factors for N or O, δ is the δ15N and
δ18O values, respectively and C–NO3− concentration.
Denitrification has attracted most considerable research effort as it
plays a significant role in the attenuation of NO3− pollution in the sub-
surface (Rivett et al., 2008). Experimental results suggest that it is a
strongly fractionating process responsible for preferential conversion
of the lighter isotope 14N to N2O and N2. Consequently, the correspond-
ing enrichment of the residual (unreacted) NO3−with the heavy isotope
15N is observed (Knöller et al., 2011; Fukada et al., 2003). During this
process the δ15N value of the initially produced NO3− might be enriched
in comparison to N2 or N2O by approximately 20–30‰ (Clark, 2015), or
5–40‰ (Kendall, 1998). For example, denitrification of NO3− fertilizer
that originally had a distinctive δ15N value of +1‰ can yield residual
NO3− with a δ15N value of +15‰which is within the range of composi-
tion expected for a NO3− from a manure or septic-tank source (Kendall,
1998). Among the case studies considered in this review (Table 1) the
most pronounced effects of denitrificationwere reported for the uncon-
fined sand and gravel aquifers of Fuhrberger Feld (Lower Saxony,
Germany) and Großenkneten (Lower Saxony, Germany) (Well et al.,
2012), for the Chalk aquifer (France) at the boundary between confined
and unconfined zones (Mariotti et al., 1988) and for the alluvial aquifer
of the Vibrata plain (Italy) (Di Lorenzo et al., 2012). These effects origi-
nate from: 1) microorganisms' activity within the pore spaces of sedi-
ments in case of Fuhrberger Feld and Großenkneten; 2) local
physicochemical conditions (e.g. availability of the substrate pool and
electron donors, concentration of the electron donors) in case of the
Chalk aquifer and 3) the extent of hyporheic zone (groundwater/surface
water flow exchange) in case of alluvial aquifer in the Vibrata plain.
However, it should be emphasized that the rate and extent of denitrifi-
cation processes in the considered cases aswell as other cases depend of
the combination of multiple environmental factors (Section 2.1.3) and
their mutual interaction.
In contrast, nitrification reaction results in the preferential incorpo-
ration of the lighter isotopes into NO3− and often leads to decrease in
the δ15N-NO3− (Barnes and Raymond, 2010). In average the difference
between initial δ15N-NH4+ and produced δ15N-NO3− can reach 12–29‰
(Kendall andAravena, 2000), or 5–35‰ (Mariotti et al., 1981). However,
evidence has been also obtained that both δ15N-NH4+ and δ15N-NO3−will
increase as the NH4+ reservoir is converted to NO3−, with δ15N-NO3−
evolving towards the initial δ15N-NH4+ value (Clark, 2015). In general,
it appears that the final δ15N of NO3− derived via nitrification from
manure-N would be more positive than that from fertilizer-N (Choi
et al., 2003). The influence of the nitrification on the δ15N-NO3− of
groundwater was detected in the Sichuan Basin (China) (Li et al.,
2007), Ichikawa city (Japan) (Li et al., 2014a, 2014b), shallow ground-
water in Wexford (Ireland) (Baily et al., 2011), in the Cretaceous
Chalk aquifer in Cambridgeshire and Norfolk, UK (Hiscock et al., 2003)
and in the hydrogeological formation in Zunyi (China) (Li et al., 2010).2.1.3. Factors controlling nitrate production/consumption processes and
their impact on δ15N-NO3− variability
The magnitude of fractionation related to nitrification, denitrifica-
tion and anammox processes is influenced by ambient conditions of
hydrogeological systemswhere they occur, e.g. substrate concentration,
availability of electron donors, concentration of dissolved oxygen, tem-
perature, pH, residence time, etc. (Böttcher et al., 1990).
In particular, it has been demonstrated that the size of the substrate
pool (the amount of the chemical specieswhich reacts with a reagent to
generate a specific product) determines the extent of fractionation by
minimizing it in N-limited systems and maximizing in systems with
constant and high supply of N compounds (Li et al., 2007). For example,
nitrification processes will be more intensive under the presence of a
large amount of NH4+ (e.g. due to application of artificial fertilizers),
which would likely cause considerable fractionation (Kendall, 1998).
However, as the NH4+ pool is consumed, the overall nitrification frac-
tionation gradually decreases. It has also been revealed that excessive
concentrations of NO3− might induce a termination of denitrification
with the formation of N2O (Rivett et al., 2008). The threshold concentra-
tions for the occurrence of this effect appear to be case-specific, since in
some cases it has been reported that even low concentrations affected
the ratio between produced N2O and N2. For example, an increase in
the N2O:N2 ratio from 0.11 to 0.34 associated with an addition of
0–4mg-N/lwas reported byMagalhaes et al. (2003). That is why it is es-
sential to consider the initial concentration of the substrate in order to
achieve more accurate conclusions concerning the production/con-
sumption of NO3− and related changes in its isotopic composition.
Availability of electron donors is mostly discussed in the context of
fractionation effects caused by denitrification. In general, it is suggested
that denitrificationmay not play an important role in increasing δ15N of
NO3− under the conditions of low contents of electron donors (Choi
et al., 2003). Electrons needed for denitrification can originate from
the microbial oxidation of organic C or reduced S which might be pres-
ent in water as the S2− state in H2S, S1− in FeS2, S0 in elemental sulfur,
S2+ in thiosulfate (S2O32−) or S4+ in sulfite (SO32−), (to the S(+VI) state
as sulfate) (Rivett et al., 2008). To consider the potential impact of lim-
ited availability of electron donors on isotopic composition of NO3− it has
been proposed to monitor their concentrations throughout the periods
of observation of the 15N isotopic signatures. For example, the presence
of DOC in waters has been used as an indicator of an available carbon
source for denitrification. Moreover, concentrations of sulfate ion have
also been measured to test for consistency with denitrifying environ-
ment (Kellman and Hillaire-Marcel, 2003). It should be mentioned
that the amount of DOC has been shown to decrease in conjunction
with an increase in sulfate concentration. This effect is related to the re-
duced solubility of DOC under conditions of increased ionic strength and
acidity of water (Evans et al., 2006; Clark et al., 2005).
Concentration of dissolved oxygen (DO) in hydrogeological systems
can also have a crucial impact on observed NO3− isotopic signatures. It
may determine the type of N biochemical transformations occurring,
which can alternatively lead either to decrease or increase of δ15N of
NO3−. As a common rule, the low content of oxygen is associated with
denitrification reactions which lead to the increase of δ15N-NO3−. On
the contrary, higher content of oxygen usually accompanies nitrification
reactionswhich result in low δ15N-NO3− values. Fromprevious studies, it
has become obvious that the occurrence of denitrification and nitrifica-
tion processes could not be associated with clearly defined values (or
narrowly constrained intervals) of DO concentrations. In particular,
there is the range of DO concentration where both nitrification and de-
nitrification can occur. For instance, denitrification cannot occur if the
content of DO is above 0.2 mg/l according to Feast et al., 1998, above
2 mg/l according to Rivett et al. (2008) or above 4 mg/l according to
Baily et al. (2011). At the same time, it has been reported that the rate
of nitrification reactions is maximized for a range of DO concentrations
between 0.3mg/l and 4mg/l (Stenstrom and Poduska, 1980). However,
the experimental evidence is not conclusive, as in some cases it has been
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was required to achieve the highest nitrification rates (Stenstrom and
Poduska, 1980). That is why, in order to be able to distinguish these
two processes it is important to consider thoroughly the data about
pH, availability of electron donors etc.
As the water temperature controls microbial activity and, conse-
quently, DO content in groundwater, any seasonal changes could affect
the δ15N of NO3−, resulting in higher values of isotopic enrichment in the
summer periods in aquifers where denitrification occurs, or lower
values in groundwater influenced by nitrification activity. However, ev-
idence about the impact of water temperature is not yet conclusive, as
some reports suggested that δ15N–NO3− values might not exhibit sea-
sonal trends (Danielescu and MacQuarrie, 2013). So it is essential to
study microbial communities and distribution of potential denitrifying
genera, as this will allow to get better insight into the nature of NO3−
production/consumption processes and, in particular, into the impact
of temperature on their dynamics (Hernández-del Amo et al., 2018).
The pH range is another important factor that affects the intensity of
microbiological reactions and influences themagnitude of fractionation
effect. It has been reported that pH ranging between 6.5 and 8 is the op-
timal range for nitrification, and reaction rates are likely to be signifi-
cantly decreased below pH 6.0 and above pH 8.5 (Buss et al., 2004).
Denitrification processes typically occur under a pH range be between
5.5 and 8, but the optimal pH is site-specific because of the effects of ad-
aptation on themicrobial ecosystems (Feast et al., 1998). Anammox ac-
tivity is observed in a pH range from6.5 to 9.3with the optimumpH at 8
(Tomaszewski et al., 2017; Jin et al., 2012).
Furthermore, the hydrogeological structure of the area predeter-
mines the processes of mixing of waters derived from different sources
(see Section 2.1.1.) and of different age. Therefore, it also profoundly af-
fects the dynamics of δ15N isotopic signature (as demonstrated by the
vast majority of considered case studies – see Table 1) (Einsiedl and
Mayer, 2006). Therefore, comprehensive analysis of δ15N-NO3− distribu-
tion in groundwater should be supported by in-depth consideration of
hydrogeological features of the examined territories, for instance - the
extent of confined and unconfined zones in the subsurface system,
their connection and location of the recharge areas along the aquifer.
While studying variations of δ15N-NO3− in agricultural areas, it is par-
ticularly important to consider agricultural practices and the types of
adjacent land uses, as they might significantly alter the isotopic signa-
ture of NO3− in groundwater samples. In agricultural areas where it is
common to leave crop residues on the fields over the winter period it
is necessary to consider the seasonality of NO3− sources. Previous studies
which analyzed the influx of N from inorganic fertilizers into aquifer
systems under intensive row-cropping and fertilization highlighted
the significance of the intermediate N cycling processes of mineraliza-
tion and nitrification of soil organic matter, such as crop residue, in
the overall N cycling (Savard et al., 2010). Since resulting winter and
spring load of NO3− is attributed to slowmineralization and nitrification
during soil organic matter degradation, it is hard to identify precisely
the source of NO3− in groundwater using its isotopic signature, since
δ15N–NO3− values are close to those typical for fertilizers. Moreover,
Sebilo et al. (2013) showed that the isotopic composition of NO3− in
groundwater might be considerably influenced by mineralization of N
fertilizers incorporated into the soil organicmatter pool several decades
ago. Therefore, the evidence regarding the dynamics of isotopic signa-
tures should be supported by the expert knowledge about the local ag-
ricultural practices.
To summarize, the previous studies considered in this review have
demonstrated that aquifers under agricultural areas are characterized
with a wide range of δ15N-NO3− determined by the variability of N
sources andN transformation processes, intensity of which is controlled
by the ambient geochemical conditions and hydrogeological settings
(Fig. 2).
In general, mineral fertilizers typically show the lowest δ15N-NO3−
values, followed by the isotopic signatures of soil-derived organic NO3−. The highest δ15N-NO3− are commonly observed in animal manure or
household sewage. Among the microbiological and physicochemical
processes influencing isotopic composition of NO3− in groundwater,
the highest δ15N-NO3− values are associated with the denitrification ac-
tivity. On the contrary, nitrification is responsible for the occurrence of
NO3− with the 15N isotopic signature on 5–35‰ lower in comparison
to the 15N of initial NH4+. While exploring the variability of 15N in
groundwater systems, it is important to account for possibilities of
physical mixing of water of different origins and the impact of multiple
environmental parameters on the intensity of transformation processes
as they might lead to change in the isotopic signature of initial N
pollutants.
2.2. Variability of δ15N-NH4+ in groundwater
In comparison to the amount of information regarding δ15N-NO3− in
groundwater under the agricultural areas, the data about distribution of
δ15N-NH4+ are less abundant. In general, conducted studies revealed
that the δ15N values of NH4+ in aquifers cover the range from −8.5‰
to +23.8‰ (Table 2), being significantly lower than the corresponding
δ15N values of NO3− (Li et al., 2010; Li et al., 2007; Hinkle et al., 2007; Liu
et al., 2006).
2.2.1. Isotopic signatures of ammonium sources
Overall, fertilizers, manure and sewage effluent are the principal an-
thropogenic sources of the NH4+ in groundwater under agricultural
areas. Rainwater and organic matter may also substantially contribute
toNH4+ concentration in groundwater (Hinkle et al., 2007). The compar-
ison of δ15N-NH4 values of different pollution sources with the isotopic
signatures of groundwater samples is widely used for identification of
the origin of detected NH4+.
NH4+ fertilizers usually have δ15N values of 0‰ or lower (Kendall,
1998). Available data provide the following ranges: from −1.5‰ to
−0.7‰ (Wassenaar, 1995); from −7.4‰ to +3.6‰ (median value
−0.6‰) (Vitòria et al., 2004a, 2004b); from +2.7‰ to +5.1‰ (mean
value +4.2 ± 0.8‰) (Li et al., 2007); −3.9‰ (±0.3‰) (Choi et al.,
2007),−0.91‰ (±1.88‰) (Kendall, 1998). In general, the isotopic sig-
nature of δ15N-NH4+ is reported to be 2.5‰ lower than the isotopic sig-
natures of δ15N-NO3− of synthetic fertilizers.
Application ofmanure in agriculturalfields or animalwaste effluents
from farms might increase the isotopic signature of δ15N-NH4+ in the
groundwater located under such areas in comparison to the aquifers
effected by the fertilizer use, as animal waste is characterized by higher
level of δ15N enrichment of NH4+ (Fig. 4). It appears that the higher δ15N
values observed in animal wastes are related to the increase in δ15N by
3–4‰ at each successive trophic level (step in a nutritive series, or food
chain, of an ecosystem). The most important factor contributing to this
increase is the excretion of isotopically light urine: animal waste gets
further enriched in 15N by the subsequent volatilization of isotopically
light NH3 (Sharp, 2007). The initial δ15N-NH4+ values of manure may
vary between +8‰ and +10‰ for pig waste (Vitòria et al., 2003) and
around +7.4‰ ± 3.8‰ for cow waste (Maeda et al., 2016).
NH4+ is also one of the major components in groundwater contami-
nation plumes originating from septic tank effluents or wastewater re-
lease from treatment plants. In untreated sewage, the isotopic
signature of δ15N-NH4+ is typically between +5‰ and +9‰ (Cole
et al., 2006). The sewage effluent in Guiyang (China) showed the
mean value of δ15N-NH4 at +5.3‰ (Liu et al., 2006), and Robertson
et al. (2012) detected the δ15N-NH4+ value of+4.4‰±4.6‰ in the sep-
tic system of the Long Point campground located on the shore of Lake
Erie (USA and Canada). Usually, the contamination plumes exhibit
clear stratification between the differently enriched NH4+ species. The
top of the plume is typically characterized with more enriched δ15N-
NH4+ values, caused by ongoing nitrification, in comparison to the core
of the plume, where NO3− and NH4+ coexist and anammox reaction
Table 2
Analysis of NH4+ isotopic signatures in groundwater: an overview of case studies (Vu – volatilization of urea, N – nitrification, V – volatilization, M – mineralization of organic N, s. d. –
standard deviation, bdl – below detection level).
Site δ15N (‰) Processes altering the δ15N of NH4+ NH4+ (mg/l)
The Sichuan Basin (China) (Li et al., 2007) Well in farmland:
−6.7–+5.1
mean value
(−1.2 (s. d. 3)
Well in farmyard:
+5.4–+23.8
(mean value +9.7 (s. d. 6.1))
Spring:
mean value −8.5 (s. d. 1.5)
Vu 0.1–0.3






















1424 O. Nikolenko et al. / Science of the Total Environment 621 (2018) 1415–1432enriches both compounds, and below plumewhere only NO3− attenuat-
ed by denitrification remains (Clark, 2015).
NH4+ is also the most abundant N compound in rainwater which
commonly exhibits negative δ15N values. In particular, experimental
data provided by Li et al. (2007) in the Sichuan river basin (China)
showed that δ15N-NH4+ in atmospheric precipitation vary from
−13.4‰ to +2.3‰ (mean value −6.6‰ ± 4.0‰). Isotope analyses
conducted on rainwater samples from Zunyi in China, also demonstrat-
ed negative (approximately −12‰) δ15N-NH4+ values (Li et al., 2010).
The inflow of NH4+ originating from decomposition of organic matter
in sediments and soils may also influence the isotopic signature of
δ15N-NH4+ in groundwater. In general, δ15N-NH4+ in soil or sediments
usually differs from the isotopic composition of total organic N in such
samples only by ±1‰ (Kendall, 1998). This is explained by the small
magnitude of fractionation effect occurring duringmineralization of or-
ganic matter. Norrman et al. (2015) revealed that NH4+ detected in
groundwater of the Nam Du area (Hanoi, Vietnam) originated from
the overlaying peat which exhibited the isotopic signature of total N
in the range of +2.4 to +4.1‰. In addition, Hinkle et al. (2007)
(Table 2) during the studies of groundwater in La Pine (Oregon, USA)Fig. 4. Sources, processes and factors that influence the δ15N-NH4+ values: summary (the follow
and, consequently, on resulting fractionation effects: C/NO3− - ratio; pH; temperatconcluded that the observed groundwater NH4+ concentration of
38 mg/l were likely due to mineralization of organic N, with measured
δ15N-NH4+ of 2.5–3.9‰.
To sumup, themost negative values of δ15N-NH4+ could be observed
in rainwater, while the highest positive isotopic signatures are typical
for animal manure and sewage. At the same time, organic matter ex-
hibits slightly higher δ15N-NH4+ isotopic composition in comparison to
synthetic fertilizers. However, the available experimental evidence
also suggests that in practice the isotopic signals of various NH4+ sources
(Fig. 4) might overlap due to the peculiarities of environmental settings
in certain areas.
2.2.2. Isotopic effects of ammonium production/consumption processes
The existing body of research devoted to exploration of δ15N-NH4+
variability in groundwater of agricultural areas demonstrate that during
the transport of contaminants within the hydrogeological system the
initial δ15N values of NH4+ pollution sources can undergo considerable
changes due to mineralization, sorption, volatilization, nitrification,
anammox and dissimilatory NO3− reduction to NH4+ (DNRA). So far, sig-
nificant research efforts have been devoted to estimation ofing arrows connect processes with factors that have the decisive effect on their dynamics
ure; size of the substrate pool).
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δ15N-NH4+ variability (Norrman et al., 2015; Zhu et al., 2013; Jin et al.,
2012; Michener and Lajtha, 2007; Böhlke et al., 2006, Buss et al., 2004).
The conducted analysis showed that mineralization or ammonifica-
tion usually causes only small fractionation (nearly± 1‰) between soil
organic matter and soil NH4+ (Sharp, 2007). According to Michener and
Lajtha (2007), the term mineralization might be used to describe the
overall process of production of NO3− from organic matter, which usual-
ly involves several reaction steps. Under such definition, observed frac-
tionation ranged from −35 to 0‰, depending on which step was
considered as the limiting one (Michener and Lajtha, 2007). However,
the results of such observations should be used cautiously, since such
large and variable range might be attributed not to the mineralization
step itself, but rather to nitrification of NH4+ to NO3−.
Small isotopic fractionations have been reported for NH4+ sorption/
desorption processes on charged surfaces of clays and other minerals.
According to laboratory studies, NH4+ sorbed from solutions by clays
commonly is enriched in 15N relative to the NH4+ that remains in solu-
tion (Böhlke et al., 2006). These results support the findings of the re-
search accomplished by Delwiche and Steyn (1970) which showed
that ion-exchange fractionations between kaolinite and solution are in
the range of 0.7–0.8‰. Also, Hübner (1981) showed that ion-
exchange fractionations are commonly in the range of 1 to 8‰ and stat-
ed that the actual fractionation is dependent on concentration and the
fractionation factor for the exchange with the clay material. According
to Kendall (1998) the fractionation factor will probably vary with
depth in the soil because of changes in clay composition and water
chemistry (Kendall, 1998). These factors might retard or intensify sorp-
tion processes leading, respectively, to enrichment or depletion of 15N-
NH4+ in groundwater.
Volatilization is a highly fractionating process inwhich the produced
NH3 gas has a lower δ15N value than the residual NH4+. It involves sever-
al steps that cause fractionation, including: 1) equilibrium fractionation
between NH4+ and NH3 in solution, and between aqueous and gaseous
NH3; 2) kinetic fractionation caused by the diffusive loss of 15N-
depleted NH3. In general, the overall dynamics of the process leads to
the enrichment of the remaining NH4+ in 15N on the order of 25‰ in
comparison to the volatilized NH3. However, it is noticed that the actual
fractionation could depend on the pH and temperature (Bedard-
Haughn et al., 2003).
Nitrification of NH4+ is a two-step process which yields 15N-depleted
products and commonly results in a substantial increase of δ15N-NH4+
value. As wasmentioned in the previous section (Section 2.1.2), the ox-
idation of NH4+ to NO3− enriches the remaining NH4+ by approximately
30‰ in comparison to produced NO3−. In general, the total fractionation
associatedwith nitrification depends onwhich step is rate determining.
Because the oxidation of NO2− to NO3− is rapid in natural systems, this
step is usually not considered as the rate-determining one, and most
of the observed N fractionation is caused by the slower oxidation of
NH4+ to NO2− (Michener and Lajtha, 2007). The extent of fractionation
during nitrification is also evidently dependent on the fraction of the
substrate pool that is consumed during the process (refer to
Section 2.2.3. for further details).
Anammox or anaerobic oxidation of NH4+ to N2 leads to a slight en-
richment of the residual NH4+ by 4–8‰ (Clark, 2015; Robertson et al.,
2012). The low fractionation effect of anammox process, usually ob-
served during field studies, could probably be caused by the presence
of greater reservoir of NH4+ sorbed on the aquifer that buffers the en-
richment of δ15N in the dissolved NH4+ in the explored cases (Clark,
2015). So far, the anammox process was detected mostly within the
long pollution plumes (i.e., from several hundred meters to 1 km in
length) originating frompoint pollution sources (septic tanks, industrial
or residential effluents). For example, Smith et al. (2015) and Böhlke
et al. (2006) explored anammox activity in the contaminated ground-
water plume created by land disposal of treated wastewater which ap-
peared at the location of Cape Cod (Massachusetts, USA). Similary,Robertson et al. (2012) explored the possibilities for occurrence of
anammox conditions in a septic system plume originating from the
washroom facility located on the north shore of Lake Erie (between
USA and Canada).
Since it has been discovered that, under anaerobic conditions, NO3−
may also be reduced to NH4+ by a process known as DNRA, it is neces-
sary to consider its potential impact on δ15N-NH4+ as well. In general,
this process occurs under the same conditions as denitrification, but is
less commonly observed in practice. While, to the best of our knowl-
edge, the reports devoted exclusively to the investigation of the N iso-
tope fractionation occurring during DNRA are yet not available,
broader studies conducted so far have demonstrated that NH4+ pro-
duced by DNRA has much lower δ15N that the substrate NO3−, which
suggests an ongoing kinetic fractionation (Michener and Lajtha, 2007).
2.2.3. Factors controlling ammonium production/consumption processes
and their impact on δ15N-NH4+ variability
The extent of fractionation effect caused by NH4+ transformation
processes depends on multiple environmental factors (Fig. 4) which,
therefore, can substantially influence the observed dynamics of δ15N
values of NH4+ in the subsurface. Among these factors, pH, temperature
and size of the substrate pool are the ones most discussed in the avail-
able research literature.
The pH parameter defines the intensity of not only microbiological
reactions, but also affects the rate of volatilization: it is proved that
this process is intensified under the alkaline soil pH (Witter and
Lopez-Real, 1988). For this reason, the observed high rates of NH3 vola-
tilization are associated with the high carbonate content of soils
(Bedard-Haughn et al., 2003). For example, in the unconfined High
Plains aquifer (USA) NH3 volatilization was promoted by the calcareous
soils of the area (McMahon and Böhlke, 2006). At the same time, the pH
valueswhich support the development of DNRAare unclear. Some stud-
ies indicated that high rates of DNRA are associatedwith alkaline condi-
tions, while the other ones revealed the negative correlation between
DNRA occurrence and pH parameter (Rütting et al., 2011). As for Nmin-
eralization process, it tends to become more intensive with an increase
of pH values towards more alkaline range (Curtin et al., 1998; Fu et al.,
1987). At pH ˂ 7, NH4+ is predominantly sorbed on clay surfaces, and at
higher pH values it starts to be sorbed by metal oxides and
oxyhydroxides (e.g. FeOOH, MnO2) (Buss et al., 2004).
The temperature variability can also have an impact on the changes
in dynamics of δ15N–NH4+ values. It should be particularly noticed that
higher temperatures are also associated with the increasing rate of on-
going NH3 volatilization, since they stimulate growth and activity of
bacteria. Consequently, it can be expected that the isotopic composition
of N species exhibits pronounced seasonal patterns (Bedard-Haughn
et al., 2003). The optimal temperature range for mineralization is 25–
40°, for nitrification – 15–35° and for anammox – 30–40° (Li et al.,
2014a, 2014b; Guntiñas et al., 2012; Shammas, 1986; Jin et al., 2012).
In addition, the extent of observed fractionation effects is assumed to
be dependent on the size of the substrate pool (reservoir). Usually, in N-
limited systems, fractionation associated with nitrification is compara-
tively small. For instance, NH4+ concentration in groundwater of the Si-
chuan basin in China (Table 2) were low (and even occasionally below
the detection limit (0.05 mg/l)), suggesting minimal isotopic fraction-
ation during nitrification in groundwater (Li et al., 2007).
Finally, it should also be noticed that the relative concentrations of
NO3− to organic C (C/NO3− ratio) control whether NO3− is reduced by de-
nitrification or DNRA. In general, DNRA, which leads to the production
of isotopically depleted NH4+, is favoredwhenNO3− is limiting, while de-
nitrification is favored when C (electron donor) is limiting (Vidal-
Gavilan et al., 2013).
The presented evidence suggests that the variability in the δ15N-
NH4+ in groundwater heavily depends both on the type of pollution
sources aswell as on the dynamics ofmicrobiological and physicochem-
ical processes (Fig. 4.).
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iable in comparison to δ15N-NO3−, which is probably explained by the
high sorption potential of NH4+ and it intensive involvement into oxida-
tion processes. Among the pollution sources, animal wastes and house-
hold sewage contribute to the highest enrichment of NH4+ in
groundwater with 15N isotope. As for the processes resulting in isotope
fractionation and respective changes in isotopic signatures of ground-
water samples, it is revealed that volatilization and nitrification signifi-
cantly contribute to higher accumulation of 15N in the residual NH4+.
However, the extent of fractionation effects due to these processes
may depend on the environmental conditions. On the contrary, miner-
alization and sorption usually show small isotopic effects. Finally,
there is still not much evidence available about the quantitative alter-
ations in the isotopic composition of NH4+ during DNRA (Michener
and Lajtha, 2007).
2.3. Variability of δ15N-N2O in groundwater
The information about the isotopic composition of δ15N-N2O in aqui-
fers affected by agricultural activity is also scarce, as in the case of data
regarding the natural abundance of 15N-NH4+. In general, it has been re-
ported that the values of δ15N-N2O could vary from−55.4‰ to+89.4‰
(Table 3). So the isotopic signatures of N2O in groundwater samples
demonstrate the largest variability among different isotopic composi-
tions of N compounds considered in this review. It appears that such
wide range of observed δ15N-N2O values is related to the fact that the
production of N2O involves many reactions steps (Fig. 4) which pre-
sume diverse fractionation effects depending on chemical processes ki-
netics and heterogeneous conditions of the subsurface environment
along the vertical and lateral groundwater flow paths. Evidently, it
also reflects the impact of the diversity of isotopic signatures of the ini-
tial substrates (e.g., NO3−, NH4−) and their involvement into microbial
processes. In particular, according to previous studies, δ15N values of
N2O emitted from fertilized soils are predominantly negative, which is
explained by 15N depletion during N2O production by nitrification and
denitrification. At the same time, positive δ15N-N2O values are likely
to be attributed to ongoing N2O reduction during denitrification (Well
et al., 2005). Further discussion of the factors influencing variability of
δ15N-N2O in groundwater will be devoted predominantly to shifting dy-
namics of various hydrobiogeochemical processes that affect the isoto-
pic composition of N2O. The isotopic signatures of NO3− and NH4+
derived from various pollution sources have been described inmore de-
tail in the previous sections (namely, Sections 2.1.1. and 2.2.1).
2.3.1. Isotopic effects of nitrous oxide production/consumption and trans-
port processes
The experimental evidence suggests that changes in N2O isotopic
signatures are caused by both physical and microbial processes. It is
generally assumed that the enrichment factors of microbial processes
tend to be large than those related to physical processes (Goldberg
et al., 2008). Among the bacterial transformations, denitrification,Table 3
Analysis of N2O isotopic signatures in groundwater: an overview of case studies (D – denitrific
Site δ15N
(‰)
Fuhrberger Feld aquifer (Lower Saxony, Germany)
(Well et al., 2012)
−55.4–+89.4
(mean −11.0 (s. d. 21.0
Großenkneten aquifer (Lower Saxony, Germany)
(Well et al., 2012)
−40.5–+11.7 (mean−
d. 11.2))
Northwest German lowland, (Lower Saxony, Germany)
(Well et al., 2005)
−41.6–+86.1
shallow groundwater under the lysimeter facility (Japan)
(Minamikawa et al., 2011)
−44.7 to −16.8nitrification and nitrifier denitrification are the processes that seem to
be themost discussed in the research literature in the context of the iso-
topic composition of δ15N-N2O (Jurado et al., 2017; Well et al., 2012;
Clough et al., 2005). As for the impact of physical processes, it appears
that diffusion frequently might be responsible for the alterations of de-
tected δ15N–N2O values.
In the denitrification pathway, N2O is produced aswell as consumed
during the subsequent reduction of NO3− to N2 (NO3− → NO2− → NO
→ N2O → N2) (Fig. 1). The δ15N values of N2O derived from denitrifica-
tion depends upon the isotope fractionation during its production and
consumption. N2O originated from the reduction of NO3− is typically de-
pleted in 15N in comparison to the initial substrate (NO3−). The reduction
of N2O to N2 results in the enrichment of the residual N2O. It is reported
that the isotope fractionation factors for N during both processes are of
comparable order of magnitude (Ueda et al., 1991). If N2O is accumulat-
ed as the intermediate product of steady-state denitrification, it is ob-
served that, its δ15N value should become close to the value of the
initial substrateNO3−. Correspondingly, significantN isotopediscrimina-
tion between N2O and NO3− in groundwater might suggest that a large
portion of N2O may originate from nitrification (Ueda et al., 1991).
Nitrification, which is also a multistep reaction (NH3 / NH4+ → H2N-
OH→ NO2− → NO3−), yields N2O which is isotopically light in compari-
son to its precursors. N2O derived during this process could be produced
as a byproduct from the complete or partial direct oxidation of H2N-OH
to NO or N2O (Schmidt et al., 2004).
In addition, at low DO level, N2O production is likely to proceed via
nitrifier denitrification, i.e. NO2− reduction to N2O, which yields isotopic
signatures similar to bacterial denitrification (Well et al., 2012). Conse-
quently, these two processes cannot be distinguished using solely the
data regarding 15N isotope natural abundance, and additional evidence
is necessary (Wells et al., 2016; Zhu et al., 2013).
The isotopic composition of N2O detected in the groundwater sam-
ples can also be significantly influenced by its upward diffusion and vol-
atilization from shallow groundwater to the atmosphere (Minamikawa
et al., 2011). Available experimental data indicate that in the subsoil en-
vironment characterized with high diffusivity exchange with atmo-
spheric N2O may diminish the effects of isotopic fractionations
expected from the previously described microbial processes (Goldberg
et al., 2008). The rate of occurring diffusion depends mainly on the
water content in the subsoil. The higher water content suggests that
the time required for N2O to diffuse from the soil profile to the surface
is also increased, since diffusion of N2O in water is approximately 4 or-
ders of magnitude lower than in air (Clough et al., 2005. In addition, it
should be highlighted that themacropores and cracks can also enhance
the upward N2O diffusion (Minamikawa et al., 2011).
To summarize, the research accomplished so far has demonstrated
that both nitrification and denitrification processes are responsible for
the depletion of 15N value of N2O in comparison to its substrates
(Toyoda et al., 2017; Schmidt et al., 2004; Ueda et al., 1991). However,
further reduction of N2O to N2 during denitrification leads to the enrich-
ment of the remaining N2O with 15N (Clark, 2015; Knöller et al., 2011).ation; s. d. – standard deviation).
δ18O
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usually results in less pronounced isotopic effects. However, the distri-
bution of the δ15N-N2O values in groundwater cannot be comprehen-
sively analyzed and clearly interpreted without referring to the
heterogeneity of environmental factors (Fig. 5) of the studied
hydrogeological systems.
2.3.2. Factors controlling nitrous oxide production/consumption processes
and their impact on δ15N-N2O variability
Among the factors controlling the dynamics of N2O production/con-
sumption processes and resulting variations in δ15N-N2O values, the
residence time, DO concentration, availability of substrate and pH are
typically considered as the most decisive in the literature.
As the concentration of NO3− within a denitrifying layer diminishes
with increasing residence time of groundwater, it appears, that with
longer residence time, NO3− reduction to N2 is more likely to be com-
plete (provided the is no additional supply of NO3− and a sufficient
amount of electron donors), which means that the isotopic composi-
tions of δ15N-NO3 and δ15N-N2O become closer. At the same time, the
instantaneously produced N2O is typically depleted with respect to
the NO3− signature (Well et al., 2005).
The DO concentration significantly impacts the isotopic signatures of
N2O in groundwater, because it determines the type of dominantmicro-
bial processes in the aquifer and it also affects the completeness of their
reaction steps. In particular, under anaerobic conditions,microbial nitri-
fication is unlikely to occur, at least the groundwater table (Goldberg
et al., 2008), and denitrification usually prevails under such conditions.
In particular, it is reported that denitrification might yield the highest
N2O amounts at intermediate O2 concentrations (below 3.15 to
4 mg/l) as most denitrifiers are facultative anaerobes (Deurer et al.,
2008). That is why it is frequently reported that the NO3− consumption,
which is associated with the formation of excess N2 and intermediate
accumulation of N2O, increases with the depth (Well et al., 2012).Fig. 5. Sources, processes and factors that influence the δ15N-N2O values: summary (the follow
consequently, on resulting fractionation effects: water content in the subsoil; availabiIn sequential reaction processes, such as denitrification, the supply
of the members of the denitrification pathways, i.e., NO3−, NO2−, NO,
N2O, N2, depends on the rate of previous reaction steps, except for
NO3− which can be introduced to the system from the external sources.
The availability of substrate, therefore, seems to have considerable im-
pact on the magnitude of isotopic fractionation occurring during N2O
production/consumption processes. In particular, if NO3− supply is
high in relation to reduction capacity of the subsurface system, substan-
tial isotope fractionation effect occurs, whereas the effect is low or neg-
ligible in the opposite case. Overall, the same fractionation control
principle appears to be relevant for the other N species subject to reduc-
tion during further stages of denitrification, namely NO2−, NO, and N2O.
However, for these species the situation is even more complicated, not
only because their respective pool sizes depend on the rates of the pre-
vious reactions, but also because somemicrobesmight lack enzymes for
some of the reduction steps, which implies that transport within
denitrifying species will be a necessary precondition for further reduc-
tion in such cases (Well et al., 2005). As a result, the isotopic signature
of N2O as an intermediate is influenced both by the kinetics of its pro-
duction during NO reduction and consumption during N2O reduction
to N2 affected by the availability of reaction substrates on the corre-
sponding transformation steps.
It has been found that pH values below 5.5 seem to promote accu-
mulation of N2O, most probably because N2O reductase is mostly
inhibited by acid conditions that enable the build-up of N2O in the sub-
surface environment (Deurer et al., 2008), and the denitrification pro-
cess does not proceed to the final step.
Overall, since N2O is an intermediate product of microbial reactions,
its isotopic composition is determined by the rates of previous reactions
as well as biological and physicochemical conditions of the aquifer
(Fig. 4). It could be summarized that production processes of N2O
(e.g., nitrification, denitrification, etc.) lead to its depletion in the δ15N
value, whereas consumption processes, such as reduction of N2O toing arrows connect processes with factors that have decisive effect on their dynamics and,
lity of substrate; residence time; concentration of DO; pH).
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availability and pH are important parameters that affect the intensity
of N2O isotope fractionation processes. The large variability of δ15N
value of N2O in the groundwater (Table 3) implies that N2O production
and consumption processes in the hydrogeological system occur simul-
taneously. However, the isotopic fractionation effects of these processes
might be diminished by the effects of upward diffusion.
3. Complementary investigations based on other stable isotopes
Measurements and analysis of δ15N values in groundwater are com-
monly complemented with analysis of isotope enrichment values of
other isotopes in order to address and constrain the potential ambiguity
in the interpretation of δ15N variation associated with overlapping of
δ15N isotopic signatures resulting from different sources and processes.
O, B, C, S, Sr isotopes are among the isotopesmost frequently considered
for such purpose (Hosono et al., 2014;Well et al., 2012; Di Lorenzo et al.,
2012; Otero et al., 2009; Knöller et al., 2005; Widory et al., 2004, Choi
et al., 2003; Böhlke and Horan, 2000). In the following section, discus-
sion will be focused on their application to identification of N transfor-
mation processes and potential sources of N pollution, respectively.
3.1. Analysis of δ18O values of nitrogen species in groundwater
Combined use of the δ18O and δ15N of NO3−may allow better separa-
tion of atmospheric and terrestrial NO3− sources, including the possible
separation of different anthropogenic sources (Xue et al., 2009). In addi-
tion, oxygen isotope ratios could be used for distinguishing N2O origi-
nating from nitrification and denitrification (Kendall, 1998). Table 1
shows that the isotopic signature of δ18O-NO3− in groundwater might
vary in the range between−8.1‰ to+48‰, which reflects the variabil-
ity of NO3− sources.
In particular, the isotopic signature δ18O-NO3− could help to separate
NO3− originated from the fertilizers application from NO3− inflow origi-
nating from other sources which deliver NO3− produced by nitrification
of NH4+ or organic N. It is observed that synthetic NO3− fertilizers, which
are derived from the atmospheric N2, have δ18O value close to the atmo-
spheric value of +23.5‰ (Moore et al., 2006). In particular, their isoto-
pic composition of δ18O-NO3− might vary from +17‰ to +25‰ (Xue
et al., 2009). Meanwhile, NO3− from other sources tend to have lighter
δ18O values because the NO3− derived from nitrification processes incor-
porates only one O atom from dissolved atmospheric O2 and the other
two atoms fromwater (Kendall and Aravena, 2000). In general, isotopic
signature of δ18O-NO3− originated from nitrification can be calculated
using the following equation (e.g. Hollocher, 1984):
δ18ONO−3 ¼ 1=3  δ18OO2 þ 2=3  δ18OH2O
Nitrification has been associated with the δ18O-NO3− values in a
range between −2‰ to +6‰ (Liu et al., 2006; Sebilo et al., 2006;
Smith et al., 2006) or approximately 0‰ (Böhlke et al., 2006). However,
it should be emphasized that the isotopic composition of NO3− produced
by nitrification depends on a range of factors which might alter those
numbers: 1) H2O might be enriched in 18O isotope because of evapora-
tion (Hoefs and Hoefs, 2015; Sharp, 2007), 2) O isotope fractionation
during respiration can increase the δ18O value of soil O2 in comparison
to that of atmospheric O2 (Mayer et al., 2001), 3) the ratio of O incorpo-
ration from H2O and O2 is not exactly 2:1 (e.g. more O2 may be derived
from atmospheric O2 when NH4+ is limiting) (Knöller et al., 2011; Kool
et al., 2011), 4) low pH conditions might support the occurrence of an-
other microbial process that consume atmospheric O2 more intensively
than nitrification consequently resulting in suppression of nitrification
(Xue et al., 2009; Liu et al., 2006), and 5) oxygen isotope exchange of in-
termediates (especially NO2) with ambientwater might occur (Granger
and Wankel, 2016; Casciotti et al., 2010; Kool et al., 2011).Oxygen isotopes can also be used to trace denitrification in ground-
water, as 18O and 15N become concurrently enriched in the remaining
NO3− during bacterial denitrification (Petitta et al., 2009). Several stud-
ies reported constant isotope ratios that indicate enrichment of 15N rel-
ative to 18O as the evidence of denitrification occurrence: 2:1 (Kendall
and Aravena, 2000), 1.5:1 (Baily et al., 2011), 2.1:1 (Aravena and
Robertson, 1998) and 1.4:1 (Knöller et al., 2011; Mengis et al., 1999).
During denitrification, the isotopic signature of the residual δ18O-NO3−
tends to be enriched by nearly 10‰ or 8–18‰ in comparison to the pro-
duced N2O (Clark, 2015; Xue et al., 2009). Therefore, N2O that is instan-
taneously produced is depleted in 18O. According to Casciotti et al.
(2002), the value of δ18O is also affected by oxygen exchange with
water, with the exchange ratio varying across different microbial spe-
cies (Well et al., 2005).
It is also important to take into account that the isotopic expression
of δ18O-NO3− in groundwater might be influenced by atmospheric pre-
cipitation. Its δ18O values can vary within an interval between +30
and +70‰ (Choi et al., 2003). Williard et al. (2001) demonstrated a
seasonal variation of δ18O-NO3− in atmospheric NO3− deposition. Durka
et al. (1994) and Voerkelius (1990) have associated atmospheric NO3−
with values of δ18O between 52.5‰. and 73.4‰. However, usually
such high values of δ18O are found in groundwater under forest ecosys-
tems that are not undergoing significant anthropogenic impact, and are
not typical for the case of arable lands (Böttcher et al., 1990).
In general, it is clear that typical δ18O values of NO3− originated from
nitrification (including δ18O values of NO3− derived from NH4+ in fertil-
izers and precipitation, NO3− derived from soil N and NO3− derived
from manure and sewage) are lower than that of NO3− from precipita-
tion and NO3− from application of fertilizers. Denitrification is responsi-
ble for the simultaneous enrichment of the remainingNO3−with 18O and
15N isotopeswhichmight be traced in accordance to certain constant ra-
tios. Therefore, application of O isotopes analysis along with N isotopes
measurement can help to understand better the nature of δ15N variabil-
ity in groundwater.
3.2. Boron as a tracer for identification of nitrogen sources
Boron isotopes (i.e., 11B and 10B) have been used to trace sewage
contamination in groundwater in a range of studies (Xue et al., 2009).
Since the isotopic composition of B is not affected by the denitrification
process, it also can be used as an indicator of mixing processes in
hydrogeological systems (Widory et al., 2004). For instance, analysis
of B isotopes was used for identification of pollution sources in the
Arguenonwatershed, the “Roussillon” aquifer and the “Ile du Chambon”
catchment (Table 1) in France (Widory et al., 2005).
At the unpolluted sites B originates either from mixing with seawa-
ter, or from weathering of sandstones and igneous rocks, or could be
found in certain evaporates, such as borax (Na2B4O5[OH]4·8H2O)
(Clark, 2015). In such context, natural B concentrations are typically
only a few ppb in groundwater. However, they are significantly higher
in liquid manure and septic tank effluents.
The isotopic signature of δ11B of sewage reported in the literature
ranges from −7.7‰ to +12.9‰ (Xue et al., 2009). Widory et al.
(2004) distinguished two types of sewage: a high-B/low-NO3−/low-
δ11B type that is derived from washing powders, and a moderate-B/
moderate-NO3− type with an isotopic signature close to animal manure
(probably human excrement).
The δ11B value of animal manure covers the interval from +14.5‰
to +42.5‰ (Widory et al., 2005). These values are, generally, higher
than the ones reported for fertilizers whose δ11B isotopic expression
might fluctuate between +8‰ and +17‰.
It should be mentioned that sorption on clay minerals, iron and alu-
minum oxides along groundwater flow can enrich the residual B in so-
lution with 11B isotope at the pH value above 8, when the anion
B(OH)4− becomes important (Clark, 2015). However, Kloppmann et al.
(2009) showed that at neutral pH, B transport characterized with
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used as a reliable tracer of source and mixing processes.
Thus, analysis of abundance of B isotopes appears to be useful in
identification the sources of N contamination. The combined use of
δ11B and δ15N values along with the data regarding concentrations of
the respective compounds can help to distinguish between multiple
NO3− sources as well as to reveal the occurrence of mixing processes.
Nevertheless, during the studies the possibility of the adsorption-
desorption interaction with clay and other material should be consid-
ered as it might affect B isotopic composition.
3.3. Analysis of carbon and sulfur isotopes in groundwater systems
It is a common practice to support the results of studies of N isotope
in groundwater, which indicated the occurrence of denitrification, with
additional measurement of the δ13C-DIC and δ34S-SO42− values in order
to identify which type of denitrification is governing the dynamics of N
species (Hosono et al., 2014; Otero et al., 2009; Aravena and Robertson,
1998). This experimental approach could be employed to distinquish
between two main denitrification pathways that are observed in aqui-
fers: heterotrophic denitrification, which requires organic C source,
and autotrophic denitrification, which uses zero-valent iron, ferrous
ions, elemental sulfur or reduced sulfur compounds such as pyrite
(FeS2) as an electron donor (Hosono et al., 2014). While the former
one generates CO2 as one of the reaction products, the later one pro-
duces SO42− through elemental sulfur or FeS2 (Rivett et al., 2008).
Heterotrophic denitrification is associated with the decrease in the
δ13C-DIC and increase in δ15N-NO3− values. The decrease in δ13C-DIC is
related to the fact that the organic source of carbon is isotopically
more depleted in 13C compared to that of the dissolved inorganic carbon
pool (e.g. carbonate, bicarbonate). That is why the δ13C values of DIC de-
rived fromorganicmatter aremore negative than the values of DIC orig-
inated from non-organic sources (Nascimento et al., 1997). The values
of δ13C-DIC originated from organic carbon are reported to vary in the
range between−29‰ to−25‰ (Aravena and Robertson, 1998). How-
ever, in the aquifer these values can be buffered by dissolution of car-
bonate minerals which have higher isotopic signature of C. For
example, Aravena & Robertson attributed the decrease in the δ13C-DIC
values (from−1.9 to−8.6‰) in the groundwater system to denitrifica-
tion processes, the occurrence of which was evidenced by substantial
rise in δ15N-NO3− values (from 6.4 to 58.3‰).
Autotrophic denitrification, through FeS2 oxidation, produces SO42−
depleted in 34S, since sulfur in sulphide minerals is typically character-
ized with smaller δ34S values in comparison to that of sulfate pools in
earth surface environments (Krouse and Grinenko, 1991). For instance,
Otero et al. (2009) explained the detected decrease in the δ34S-SO42−
values (from 10 to−20‰) accompanied by the increase in the isotopic
signature signals of NO3− as the result of progress of autotrophic denitri-
fication in the polluted deep aquifer in eastern Spain. Similar changes of
the sulfate sulfur isotopic composition (from+10 to−10‰) due to the
impact of autotrophic denitrification in an aquifer used for drinking
water production were reported by Knöller et al., 2005.
While the decline in the δ13C-DIC or δ34S-SO42− values in groundwa-
ter is the sign of heterotrophic or autotrophic denitrification, respective-
ly, their increase is usually the evidence of other bacterial processes
which typically occur in the anaerobic conditions after denitrification
(denitrification → sulfate reduction → methanogenesis) (Korom,
1992). Studying the limestone aquifer in the eastern England,
Moncaster et al. (2000) detected significant enrichment of SO42− with
34S (up to +30‰) as a result of sulfate reduction. Hosono et al. (2014)
related the enriched isotopic values of 13C-DIC (+8‰) in groundwater
under the Kumamoto area (Japan) to the occurrence of
methanogenesis. This idea was supported by the fact that high CH4 con-
centrations (up to 1 mg/l) were detected at the studied locations.
Therefore, it is obvious that additional analysis of δ13C-DIC and δ34S-
SO42− in groundwater can help to identify certain hydrogeochemicalprocesses (denitrification, DNRA, sulfate reduction or methanogenesis)
in the aquifers and understand their intensity. It is especially helpful to
include the measurements of these isotopes into experimental studies
in the cases when the occurrence of denitrification processes is
suspected, since such approach will help not only to differentiate be-
tween different types of denitrification pathways, but also reveal other
bacterial processes that follow denitrification in groundwater heavily
depleted in oxygen.
3.4. Strontium isotope as a tracer of mixing processes in subsurface
environment
In contrast to N, O, B, C and S isotopes, Sr isotopes are characterized
with a low biological and/or geological fractionation which make them
effective tracers of transport (mixing) processes in the environment
(Vilomet et al., 2001). The 87Sr/86Sr ratios in groundwater are
predetermined by:
1) natural sources of Sr (e.g., mineral dissolution or cation exchange in
soils and aquifer);
2) anthropogenic sources of Sr (e.g., mineral fertilizers or manure)
(Widory et al., 2004; Böhlke & Horan, 2000).
During the study of groundwater in the Brittany region (France)
Widory et al. (2004) detected that 87Sr/86Sr ratios of the anthropogenic
sources vary from 0.7078 to 0.7145 with the lowest values correspond-
ing tomineral fertilizers and the highest values to animalmanure. How-
ever, this study showed the difficulties in distinguishing between
different types of animal manure, which exhibited overlapping ranges
from 0.709 to 0.712. The groundwater of the studied area showed vary-
ing 87Sr/86Sr ratios (from0.7146 to 0.7196) suggesting the occurrence of
mixing between different Sr sources, in particular Sr derived from ani-
mal manure and from water-rock interaction.
Böhlke & Horan (2000) examined the relationship between the age
of groundwater and the distribution of Sr. It was revealed that higher
87Sr/86Sr ratios (0.713–0.715) are associatedwith younger oxic ground-
water which is affected by anthropogenic activity, and the lower
87Sr/86Sr ratios (0.708–0.710) are typical for older suboxic groundwater
where Sr is originated from calcareous glauconitic sediments.
To summarize, Sr isotope ratio is the useful parameter for studying
mixing processes in the groundwater system, as it helps to determine
the behavior of pollutants from different sources. In general, natural
sources of Sr are typically characterized with lower 87Sr/86Sr ratio com-
pared to anthropogenic ones usually exhibiting higher values of this
parameter.
4. Conclusions
The versatility of the stable isotope analysis method enables
obtaining a comprehensive insight into transport and transformation
of NO3−, NH4+ andN2O in the subsurface: from the assessment of relative
contributions of different N sources into the system (using distinctions
between their respective isotopic signals) to the identification of simul-
taneously occurring N cycle reactions and physicochemical processes
affecting the isotopic composition of N species. Such information is es-
pecially valuable for sustainablemanagement of groundwater resources
in agricultural areas typically characterized with considerable N load-
ings and frequently exhibiting adverse effects of N pollution.
In order to capture the dynamics of N cycling using stable isotope
analyses, it is necessary to understand the ranges and causes of variabil-
ity of isotopic composition of NO3−, NH4+ and N2O in various environ-
mental settings. This review summarizes the data regarding the
ranges of isotopic compositions of these N species in groundwater
under agricultural areas and provides information about the impact of
N sources, microbiological/physicochemical processes and environ-
mental factors on the variability of NO3−, NH4+, N2O isotopic signatures.
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quently used to support the analysis of δ15N values for various N
compounds.
According to the reviewed literature, the isotopic signatures of NO3−
in groundwater are characterized with the following δ15N-NO3− isotope
ranges: soil organic N – from+3‰ to +8‰, mineral fertilizers –−8‰
to +7‰, animal manure or household waste – +5‰ to +35‰. The
NH4+ sources are characterized with the following δ15N values: organic
matter – +2.4–+4.1‰, rainwater – −13.4–+2.3‰, mineral fertilizers
– −7.4–+5.1‰, household waste – +5–+9‰, and animal manure –
+8–+11‰. The isotopic composition of N2O is determined by the
rates of previous reactions as well as biological and physicochemical
conditions of the aquifer.
Moreover, the δ15N-NO3− values are influenced by fractionation effects
caused by denitrification (ɛ = 5–40‰), nitrification (ɛ = 5–35‰) and
DNRA (range of ɛ not available in literature). As for the isotopic signature
of NH4+, it is also affected by nitrification andDNRA, aswell asmineraliza-
tion (ɛ=1‰), sorption (ɛ=1–8‰), anammox (ɛ=4.3–7.4‰), and vol-
atilization (ɛ= 25‰). δ15N-N2O values in the groundwater derive from:
1) production processes of N2O (e.g., nitrification, denitrification, etc.)
which lead to its depletion in 15N, and 2) consumption processes, such
as reduction of N2O to N2, which enrich it with 15N. However, it should
be emphasized that multiple environmental parameters regulate the ex-
tent of fractionation effects caused by the processes mentioned above,
so the observed changes in isotopic composition of NO3−, NH4+ N2O
could vary.
Due to overlapping of the isotopic signatures of N sources and N
cycle processes, interpretation of isotopic signatures of collected
groundwater samples is not a straightforward process, and is associated
with uncertainties. Moreover, the difficulty in interpretation of the re-
sults of N isotopes analyses are exacerbated by the lack of experimental
data regarding variability of 15N-NH4+ and 15N-N2O. Therefore, further
research is required in order to address this issue and consider the
isotopic composition of NH4+ and N2O in different hydrogeological con-
texts. In addition, during interpretation of N isotopic signatures it is im-
portant to consider thoroughly the data obtained from hydrogeological,
hydrochemical and microbiological studies which might help to eluci-
date N transformation and transport processes occurring in the
hydrogeological systems.
Though such inclusive interpretation requires extensive amount of
data, it is crucial to integrate all these insights into a flexible interpreta-
tive framework for the studies N transport and transformation process-
es. This could help to address the limitations of stable isotope analysis
method in the complicated study cases characterized with possible oc-
currence of overlapping isotopic signals from different N sources and si-
multaneous progress of different multistep reactions with a range of
intermediate products in the considered aquifer.
As the analysis of distribution of δ15N values observed across the
aquifer should rely on precisely determined estimations of signatures
of N sources and expected fractionation effects caused by N cycle pro-
cesses, it is crucial to facilitate the comparative component of the re-
search strategies employing stable isotope analysis. There is a need to
systematize the experimental evidence obtained from stable isotope
analysis of groundwater samples in different studies exploring the
same biogeochemical processes or similar issues.
With further advancements in these areas, stable isotope analysis
will allow researchers to capture more precisely the dynamics of N spe-
cies transformations in the subsurface. Therefore, it will help not only to
understand better the processes of attenuation of N pollution in agricul-
tural landscapes, but also to address efficiently the emerging environ-
mental concerns regarding estimation of the indirect effects of
anthropogenic impact in such areas. In particular, this approach will
yield valuable information for the studies of N2O production/consump-
tion in subsurface environment and its subsequent emissions on the
river-atmosphere interface. Therefore, it will enhance the understand-
ing of N2O cycle and, correspondingly, of the global N cycle in general.Acknowledgements
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